A sensitive hairpin smart probe (SP) has been developed and tested for its sequence-specificity and sensitivity for detecting microRNAs (miRNAs). The loop sequence of this SP is perfectly complementary to microRNA-21 (miR-21) sequence. This miRNA regulates certain biological processes and has been implicated in certain forms of cancer. The stem of the new SP consists of a fluorophore on one end and multiple guanine bases on the opposing end are used as quenchers. The fluorescence of the SP is significantly quenched by the guanine bases at room temperature and in the absence of the miR-21 target. The presence of miR-21 switches on the fluorescence due to spontaneous hybridization of the SP with this target, which also forces the stem hybrid of the SP apart. This new SP successfully discriminated between the perfect miR-21 target and two closely similar single-base mismatch sequences. When the SP was incubated with the miR-21 at 37 C, the hybridization kinetics increased seven times, compared to room temperature hybridization. Overall, this new SP shows good detection sensitivity and gives a limit of detection and limit of quantitation of 14.0 nM and 46.7 nM, respectively. This detection platform represents a simple, fast, mix-and-read homogeneous assay for sequence-specific detection of miR-21, and it can be adapted for other related diagnostic applications.
Introduction
Micro-RNAs (miRNAs) are naturally occurring, small, noncoding RNA molecules that regulate several biological processes. 1, 2 They play an important role in gene expression by targeting messenger RNAs (mRNAs) in a sequence-specific manner. 1, [3] [4] [5] They also play a significant role in the initiation and progression of several diseased states, including neurological diseases, viral infections, and cancer. 2, 6, 7 For instance, several miRNAs have been implicated in cancer progression and prognosis. 7 Consequently, miRNAs are considered important diagnostic and prognostic biomarkers, 6, 8 and they can also be harnessed for therapeutic purposes. 6, 7 In the case of cancer, miRNAs may act either as tumor suppressors or as oncogenes. 2, 9 MicroRNA-21 (miR-21) has been specifically implicated in several types of cancer, including breast, lung, prostate, head and neck, stomach, ovarian, and cervical cancers, as well as leukemia. 7, 8 Given the diagnostic and therapeutic significance of miRNAs, several analytical detection platforms have been developed for sensitive determination of miRNAs in vitro and in vivo.
The traditional methods used for detection of miRNAs are based on polymerase chain reaction (PCR), northern blotting, in situ hybridization, and microarray techniques. 6, 8, 10, 11 An amplification method of quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) has also been used for miRNA detection. 12, 13 While PCR-based methods are highly selective and specific, they are time-consuming and labor-intensive, and success relies on isolation of purified total RNA. 14, 15 Although it is still being used as a standard method of analysis, northern blotting has low sensitivity, is semi-quantitative, cumbersome, and requires a large amount of sample. 6, 8, 11 And despite the high throughput of microarray methods, they suffer from limited sensitivity, selectivity, and specificity. 6, 8, 15 An electrochemical technique involving the use of a pencil graphite Department of Chemistry, King Fahd University of Petroleum and Minerals, Dhahran 31261, Kingdom of Saudi Arabia electrode has been shown to give picomolar detection limit for miR-21. 16 However, this technique has several washing steps and the overall protocol is involved. A colorimetric detection method based on the use of gold nanoplasmonic particles has also been used for the detection of miR-21. 17 Changes in scattering color that are induced by miR-21 when hybridized to its complementary target that is tethered onto gold nanoparticles is used as the basis for detection. This approach works well and provides low detection limits, but the requirement for fabrication of nanoplasmonic particles and the assembly of the particles conjugated with oligonucleotide probes as a condition for detection may be unattractive for easy and simple detection. Furthermore, a surface-enhanced Raman spectroscopy (SERS)-based assay method has been demonstrated for the detection of miR-21. 18 The technique was reported to give detection limit in the sub-nanomolar range, but the hybridization/detection procedure is complicated. The use of a bioluminescent enzyme-based hybridization assay method for sensitive miR-21 detection has also been reported. 6 This method represents an excellent approach for miRNA detection, and although several labeling steps are involved, it provides a very low detection limit and is capable of direct determination of miR-21 in cell extracts.
New generation nucleic acid amplification methods present unique advantages for miRNA detection. 19 Such amplification methods, including enzymatic repairing amplification, 20 strand displacement amplification, 14 isothermal amplification methods, 11, 21, 22 circular exponential amplification, 15 and rolling circle amplification methods have all been proposed for miRNA detection. 10, 23 In addition, a ligationbased, loop-mediated amplification (ligation-LAMP) strategy has been reported. 19 All these methods present enhanced sensitivity for miRNA detection, and despite the complexity of their reaction or hybridization mixtures, they provide excellent specificity for their target miRNAs. These methods also show potential for in vivo determination of miRNAs. Typically, fluorescence-based methods present excellent sensitivity, 24 and given that the new generation amplification methods couple their respective amplification strategies with fluorescence detection, this might explain why they provide such enhanced sensitivity. The aforementioned limitations of northern blotting and microarray methods on the one hand and the complex nature of colorimetric, nanoplasmonic, and nucleic acid amplification methods on the other hand imply a need for simple, fast, sensitive, and specific analytical detection methods for miRNA detection. Homogeneous assay methods that are based on smart probes (SPs) may be harnessed as suitable alternatives for miRNA detection. SP-based homogeneous assay methods can be specific, simple and fast, and they possess good sensitivity.
Smart probes are nucleic acid hairpin-shaped probes that possess inherent signaling property due to their hairpin conformation. [25] [26] [27] [28] [29] [30] They consist of a stem-loop structure, with a fluorophore on one end of their nucleic acid sequence and a quencher on the other. The structure of the SP is analogous to molecular beacon hairpins (MBs), 31, 32 but the quencher in MBs is replaced with multiple guanine residues. [25] [26] [27] [28] [29] [30] Thus, in contrast to MBs, SPs only have one extrinsic label (the fluorophore) on one end of the stem, while quenching is achieved using intramolecular guanine residues on the other end of the stem hybrid. 25, 26 One major advantage of SP over MB is that probes that are inadvertently left unlabeled with extrinsic quencher (as is possible in the case of MB) do not contribute to the measured signal. 25 In the hairpin form, the fluorophore and the quenching guanine residues are in close proximity and the fluorescence is therefore quenched. This quenching results from photo-induced intramolecular electron transfer upon contact of the fluorophore with the intrinsic guanine residues, due to the low oxidation potential of guanine. 26, 33, 34 The SP recognizes its complementary target sequence by switching on its fluorescence, which turns off in the absence of the target sequence. Due to their excellent signaling property, SP has been successfully used for various detection assays, including detection of ultraviolet (UV)-induced DNA photodamage, 35, 36 realtime monitoring of the activity and kinetics of T4 polynucleotide kinase, 37 detection of ATP, 38 monitoring of DNA methyltransferase activity, 39 and monitoring of DNA polymerase fidelity, 40 among others. These studies showed the inherent sensitivity of SP and demonstrated that they are capable of recognizing even single-base mismatches. 35 This paper presents a new SP designed to recognize miR-21, a 22-nucleotide miRNA, reported to be upregulated in several types of human cancer, including, leukemia, breast, colon, pancreatic, lung, prostate, liver, and stomach cancers. 7, 8 This miRNA is thus considered a valuable diagnostic and prognostic biomarker for these diseases. The SP developed here is used in a homogeneous assay format for detecting miR-21 and analogous single-base mismatch sequences. The miR-21 target sequence is specifically recognized by the loop of the SP, which hybridizes with the target, forcing the stem hybrid apart and switching on fluorescence. Given the sequence specificity of the SP, the fluorescence intensity generated in the presence of the single-base mismatch sequence is lower than that of the perfectly complementary miR-21 target sequence. The homogeneous assay being presented here is a simple, mix-and-read protocol that does not involve complex hybridization or reaction mixture. Given that hybridized SPs are fluorescent and non-hybridized SPs are quenched, there is no need to separate SP-target hybrids from nonhybridized SPs. Thus, this new homogeneous assay does not require separation of unbound target from the hybridization mixture, and unlike many miR-21 detection methods previously mentioned, the new SP-based method does not involve any washing steps. This work was motivated by the need for simple, fast, and sensitive detection methods for miRNA. This need can be met by the inherent sensitivity and specificity of carefully designed SP-based homogeneous assay systems. While SPs in general are not new, this appears to be the first report of the use of a SP for the sequence-specific detection of miR-21. The SP used here is unique based on its sequence-specificity and it is able to discriminate against mismatch sequences of miR-21, including single-base mismatches. Thus, this SP-based homogeneous assay as a detection method for miR-21 is novel and it adds a new analytical measurement approach to the repertoire of detection methods for miR-21.
It must be clearly stated that the main focus of this work is the design and characterization of the new SP and to demonstrate its suitability for in vitro, sequence-specific detection of the miR-21 target sequence. The SP was characterized in both the absence and presence of miR-21 target sequence for its thermal transition profiles by measuring temperature-dependent fluorescence signal from room temperature up to 78
C. This allowed determination of the melting temperature (T m ) of the SP and those of SP-target duplexes. This temperature information was ultimately used to determine the optimum temperature that permitted enhanced sequence-specific recognition and discrimination of targets. The results provide evidence of the exquisite specificity and sensitivity of the SP and show that it is an excellent probe for the sequence-specific detection of miR-21. The new SP used in a simple, fast, mixand-read homogeneous assay this way may be a potential diagnostic tool for the various human cancers caused by miR-21.
Experimental Materials
The SP and all the single-stranded oligonucleotide target sequences are shown in Table I : the target sequence of miR-21 (RNA1), and its analogous single-base mismatch sequences (RNA2 and RNA3), were custom-made (Integrated DNA Technologies, BVBA, Belgium). The target oligonucleotides (RNA1, RNA2, and RNA3) were purified by standard desalting, while the SP was purified by desalting and HPLC (Table I ). All chemicals-magnesium chloride hexahydrate (MgCl 2 .6H 2 O), ethylenediaminetetraacetic acid (EDTA), and hydrochloric acid (BDH Chemicals Limited, UK); sodium hydroxide (NaOH) (Fluka AG, Switzerland); sodium chloride (Fisher Scientific Company, USA); Tris (Sigma-Aldrich, USA)-were used as received. All solutions were made in nanopure water from a Barnstead Nanopure water purification system (Thermo Scientific, USA).
Oligonucleotide target samples (RNA1, RNA2, and RNA3) and SP were each dissolved in nanopure water and kept frozen at À20 C until needed. Upon thawing, they were diluted in buffer (20 mM Tris, 2 mM EDTA, pH 7.5) in the presence of 200 mM NaCl and 3 mM MgCl 2 to give the desired oligonucleotide concentrations. The concentrations of the oligonucleotide solutions were confirmed using UV absorbance measurements.
Absorbance and Fluorescence Measurements
Ultraviolet visible (UV-Vis) absorbance of diluted oligonucleotides were acquired with Genesys 10 S UV-Vis spectrophotometer, running on VISIONLite software (Thermo Scientific). For all fluorescence measurements, 100 nM SP in the absence or presence of 300 nM target (1:3 molar ratio in Tris-EDTA buffer as previously stated) was incubated in the dark at room temperature for about 5 h before fluorescence measurements. Concentration-dependent experiments used SP (500 nM) in the presence of varying concentrations of RNA1 target sequence (0-2000 nM) and incubated in the dark at room temperature for about 5 h before fluorescence measurements. Prior incubation was not carried out for all kinetics experiments. All fluorescence spectra were measured using an FLS920 fluorescence spectrophotometer (Edinburgh Instruments, UK). The spectra were recorded in the range of 500-650 nm with an excitation wavelength of 490 nm and emission wavelength set at 520 nm. A 10 mm pathlength, sub-micro quartz cuvette (Cole-Parmer, USA) was used for these measurements. Except for temperature-dependent experiments, all fluorescence spectra were recorded at room temperature on a 400 mL solution of the SP or SP-target hybridization mixture. Temperature-controlled fluorescence measurements were carried out on 400 mL solutions The underlined bases represent the stem strands, while the three Gs on the 3' end are not part of the stem hybrid but are included as quenchers for the fluorophore. The underlined base in RNA2 and RNA3 is the single-base mismatch, whereby the corresponding rG in RNA1 has been replaced by rC. The difference between RNA2 and RNA3 is in the location of the singlebase mismatch.
of SP or SP-target duplexes, using a thermoelectrically cooled sample holder inserted in the fluorescence spectrophotometer and a TC125 Temperature Control unit (Quantum Northwest Inc., USA). For these measurements, the temperature was in the range of 20-78 C in 2 C increments, with a settling time of 100 s (for proper equilibration at set temperatures). For kinetics experiments at room temperature, fluorescence spectra were measured at specified time intervals, immediately following the mixing of RNA1 with SP that has been thermostated for 5 min at room temperature. For kinetics experiments at 37 C, fluorescence spectra were measured at specified time intervals, immediately following the mixing of RNA1 with SP that has been thermostated for 5 min at 37 C. The concentrations were also kept at 100 nM SP and 300 nM RNA1 (1:3 molar ratio) for these kinetics experiments.
Results and Discussion

Structure of the SP
The SP consists of a total of 41 nucleic acids bases, while the target sequences are the perfect sequence of miR-21 (RNA1), and its analogous single-base mismatch sequences (RNA2 and RNA3) ( Table I ). The loop sequence of the SP consists of 22 bases that are perfectly complementary to miR-21 sequence. The stem hybrid consists of eight nucleobases on each side (Fig. 1) . The 5' end of the stem is labeled with a fluorescent dye, 6-FAM (6-carboxyflurescein). This fluorophore is flanked on the opposite side by three guanine residues which act as quenchers. The quenching is probably further enhanced by multiple guanines on the 3' side of the stem, which are separated from the three guanines flanking the fluorophore (by one adenine base) in order to prevent formation of G-tetraplexes and for easy synthesis. 41 While the formation of G-tetraplexes is undesirable for our application in this work, such structures may be harnessed to provide enhanced fluorescence quenching for sensitive analytical applications. 42 This SP has been carefully designed to maximize its performance as a sensitive and specific probe for miR-21. Based on the thermodynamic stability of MB, 32 a functional MB or SP should have its stem more thermally stable than the SP-target duplex. This stability is determined by the T m of the stem hybrid relative to that of SP-target duplex. This relative thermal stability requirement is met when the T m of the stem hybrid is far above room temperature and at the same time is at least 5 C higher than the T m of the SP-target duplex. This ensures that the stem remains intact at room temperature and the fluorescence is significantly quenched. It also ensures that the SP can remain intact as a hairpin at relatively high temperatures when the SP-target duplex has melted. For if the SP cannot remain as a hairpin (with the stem hybrid intact) above the T m of the SP-target duplex, it cannot be established that the enhanced fluorescence signal observed when the SP is hybridized to the target is in fact due to complete SP-target hybridization. This is because the stem of the SP would have separated at the T m of the SP-target duplex if the SP is not a hairpin at this temperature. These considerations have been carefully worked into the design of this new SP. As shown in Fig. 1 , the T m of the SP is 63 C while that of the SP-RNA1 duplex is 47
C. Thus, the T m of SP-RNA1 duplex is 16 C lower than that of SP alone. This shows that the desired performance characteristics that confer exquisite specificity on the new SP have been met.
Thermal Transition Profiles
Smart probes should exhibit conformational transition upon heating and this conformational change must be consistent with their design. When the temperature of the SP solution is increased, fluorescence ought to increase in a manner characteristic of the melting of double-stranded nucleic acids. 31 Thus, in order to ascertain the design and intended performance characteristics of the new SP, and to ensure its optimal performance, thermal transition profiles of the SP alone and SP-RNA1/RNA2/RNA3 duplexes were measured. In this respect, the fluorescence signal of the homogeneous solutions was measured while gradually increasing the temperature from 20 C to 78 C (Fig. 2) . Figure 2 shows the thermal transition profiles of the SP and SP hybridized with the perfectly complementary miR-21 sequence (RNA1) and the single-base mismatch sequences (RNA2 and RNA3).
At low temperatures, the SP alone exists in the hairpin form and so the fluorescence of the fluorophore is sufficiently quenched by the proximal guanine residues on the 3' end (squares, Fig. 2) . Thus, there is minimal fluorescence due to photo-induced intramolecular electron transfer. On increasing the temperature to about 58 C, the stem hybrid begins to melt and the fluorophore begins to separate from the quenching guanine residues. This is shown by the slight increase in fluorescence at about 58 C. When the temperature is further increased, the fluorophore and the quencher moved further away from each other, until the stem hybrid completely unwinds and the maximum possible fluorescence signal is recorded. This explains the increase in fluorescence intensity with increasing temperature between 58 C and 70 C. Beyond this point, the SP exists in a random coil conformation, in which case the fluorescence intensity might go down slightly. The overall thermal transition profile of the SP alone is sigmoidal, which is consistent with the thermal transition behavior of a typical MB or SP. 31, 32, 35, 36 From this profile, the T m of the SP was determined to be 63
C. This T m depends on the length of its stem hybrid and the G-C content of the stem. 31 The stem of the SP consists of eight residues, five of which are G-C, excluding the three G-overhangs that are flanking the fluorophore as quenchers (Fig. 1) .
When the SP was mixed with a threefold excess of RNA1, a perfectly complementary miR-21 target sequence, the fluorescence intensity is very high at low temperatures (circles, Fig. 2 ). This is because the miR-21 target Figure 2 . Thermal transition profiles of SP (squares), SP-RNA1 (circles), SP-RNA2 (diamonds), and SP-RNA3 (hexagons) duplexes. Buffered solutions of 100 nM of SP was used either alone or in the presence of threefold excess RNA1, RNA2, or RNA3. The respective T m is as shown for each. These curves were generated from temperature-dependent fluorescence measurements as described in the text. Each measured fluorescence intensity has been normalized to the intensity at 78 C. The lines connecting the data points are guides for the eye. The corresponding raw fluorescence spectra are shown in Figs. S1-S4 in the Supplemental Material.
spontaneously hybridizes with the loop sequence of the SP, resulting in the SP undergoing a conformational change that forces the fluorophore and the quenching guanine residues apart and switches on the fluorescence. On a gradual increase in temperature, the fluorescence begins to decrease, which suggests the SP-RNA1 duplex is gradually melting and the fluorophore and guanine quenchers are moving close. The observed fluorescence decrease continues with increasing temperature until the RNA1 target melts away completely from the SP. The SP assumes a hairpin conformation at this point, with the fluorophore in contact with the guanine residues, which corresponds to the lowest point on the profile (circles, Fig. 2 ). When the temperature is further increased, the stem of the hairpin then gradually melts and the fluorescence intensity begins to rise again until the SP becomes a random coil, at which point the fluorescence signal is limiting. The T m of SP-RNA1 was determined to be 47 C, giving a T m difference (ÁT m ) of 16 C with respect to SP alone. This ÁT m value suggests excellent recognition of the RNA1 target by the SP. When the fluorescence intensity of the SP-RNA1 duplex is compared with that of SP alone, there is about a threefold increase in fluorescence intensity at 20 C. This intensity increase is comparable to what was previously reported for smart probes. 26, 35 Thus, the new SP developed in this work possesses excellent discriminating ability between the SP and SP-target duplex as in previous reports.
In the presence of a threefold excess of a single-base mismatch sequence (RNA2), a profile similar to that of SP-RNA1 duplex was observed (diamonds, Fig. 2) . However, the fluorescence intensity in this case is lower than that of SP-RNA1 at low temperature. This indicates the lower stability of the SP-RNA2 duplex, which contains at least one base mismatch. Such mismatch target sequence should melt at temperatures below that of the perfectly complementary target (RNA1), at which temperature the SP will of course still remain a hairpin and therefore produces significantly quenched fluorescence. This, in fact, was the case because the T m of SP-RNA2 duplex was determined to be 39 C, 8 C lower than SP-RNA1 duplex (Fig. 2) . When mixed with a threefold excess of another single-base mismatch sequence (RNA3) whose mismatch is at a different location compared to RNA2, a low intensity signal was obtained with a thermal profile similar to that of SP-RNA2 (hexagons, Fig. 2 ) and a T m of 41 C. These results show exquisite specificity of this new SP for detecting miR-21 sequence and its ability to discriminate this perfect target sequence from an analogous one containing a single-base mismatch. They also show that the SP is capable of discriminating against any mismatch sequence irrespective of the location of the mismatch. Given that miRNAs have similar sequences, this new SP has the potential to discriminate the miR-21 target sequence from other miRNAs with as little as one base mismatch.
Enhanced Temperature-Dependent Discrimination
A closer look at Fig. 2 suggests several possible ways of discriminating between the miR-21 target sequence, RNA1, and the single-base mismatch sequences, RNA2 and RNA3. This includes: measurement of the entire thermal transition profiles to determine the T m in each case; single-point measurement of fluorescence intensities at room temperature; and single-point measurement of fluorescence intensities at a high temperature of about 52 C. The best way to discriminate between RNA1 and the two mismatch sequences RNA2 and RNA3 in this case is by measuring the fluorescence intensities of all three duplexes around 52
C. This is because at this temperature, the fluorescence signal produced by SP-RNA2 and SP-RNA3 duplexes is significantly quenched, just like that of SP alone (Fig. 2) . On the other hand, SP-RNA1 duplex gives a much higher fluorescence signal at this temperature. This observation is consistent with the relative T m s of the three duplexes. It can be deduced from Fig. 2 that at temperatures significantly higher than the T m of SP-RNA2 and SP-RNA3 duplex (which is around 40 C), RNA2 and RNA3 will melt away completely, and the SP will exist in hairpin conformation as long as the temperature is lower than the T m of the SP alone (Fig. 2) . And as long as this same temperature is within about AE 5 C of the T m of SP-RNA1 duplex such that this duplex is still mostly intact, there will be significant fluorescence (Fig. 3) . Thus, when the fluorescence signal was measured at 52 C for all three duplexes (SP-RNA1, SP-RNA2, and SP-RNA3), the signal produced by SP-RNA1 duplex is about 250% that of SP-RNA2 and SP-RNA3 (Figs. 3 and S5 ). This means that at 52 C, the SP is hybridized with RNA1 and therefore fluoresces, while the SP is not hybridized with RNA2 and RNA3 and therefore produces fluorescence signals that are significantly quenched. The method being presented here is for in vitro detection of miR-21, so single-point fluorescence measurements at 52 C do not represent a shortcoming of this SP-based method. Therefore, by simply measuring the fluorescence signal at 52 C, miR-21 target sequence can be specifically detected while the fluorescence signal from mismatched sequences would be quenched. Thus, this probe has been successfully used in a simple homogeneous assay, and it therefore constitutes a simple, mix-and-read assay for fast detection of miR-21. Similar measurements were made at 20 C, and the signal generated by SP-RNA2 is about 90% that of SP-RNA1 duplex, while that generated by SP-RNA3 is about 85% that of SP-RNA1 (Figs. S6 and  S7) . Thus, the discrimination at this low temperature is only marginal compared to 52 C.
Hybridization Kinetics
At room temperature, hybridization of the SP with miR-21 target (RNA1) takes about 5 h to complete (Fig. S8 ). This is consistent with similar probe-target hybridizations involving MBs and SPs. 24 However, 5 h is a rather long time if this assay method is to be adapted for rapid diagnostic applications. Therefore, time-dependent experiments were performed at 37 C in order to accelerate the probe-target hybridization (Fig. 4) . As shown in Fig. 4 , complete hybridization at 37 C took only 40 min, which is about seven times faster than that at room temperature. Thus, this homogeneous assay can in fact be completed in about 40 min if the SP is hybridized with miR-21 at 37 C. Therefore, single-point measurements of fluorescence intensities were also performed, following hybridization at 37 C. Single-point fluorescence intensities measured at 52 C following incubation at 37 C gave a signal of 230% for SP-RNA1 duplex compared to those of SP-RNA2 and SP-RNA3 duplexes (Figs. S9 and S10 ). This level of discrimination is consistent with that obtained following hybridization at room temperature (Fig. 3) , but the analysis can be completed much faster at this higher incubation temperature. Similar fluorescence signal measurements at 37 C following incubation at this same temperature only provides a signal of about 150-160% for SP-RNA1 compared to SP-RNA2 and SP-RNA3 (Figs. S11 and S12). So, for a rapid detection, this new SP can be hybridized with miR-21 sequence at 37 C, followed by a single-point fluorescence measurement at 52
C. This approach is quick while still providing excellent specificity, thereby sufficiently discriminating between miR-21 target and single-base mismatched sequences.
Concentration-Dependent Measurements
In order to determine the sensitivity of this SP, concentration-dependent experiments were carried out. Varying concentrations of RNA1 was mixed with 500 nM SP, followed by fluorescence signal measurements. The fluorescence signal increased with increasing RNA1 concentration until RNA1 concentration of 500 nM (1:1 SP/RNA1 equivalent). Thus, the calibration graph is linear in the 0-500 nM RNA1 concentration range (Fig. 5) , beyond which point higher RNA1 concentrations produced little change in fluorescence, such that the curve becomes nonlinear (Figs. 5 and S13). The limit of detection (LOD) and limit of quantitation (LOQ) were found to be 14.0 nM and 46.7 nM, respectively (Fig. 5) . The LOD was determined as 3s bl /m, LOQ was determined as 10s bl /m, where s bl is the standard deviation of ten replicate measurements of the blank (500 nM SP) and m is the slope of the calibration curve (Fig. 5) . The sensitivity represents the slope of the calibration curve and was determined to be 13.0 Â 10 11 c.p.s. M -1
. These values are consistent with previously reported values for MB and SP. 24, 26, 35 Comparison with Other Methods
The SP and the attendant mix-and-read homogeneous assay being reported here is simple, fast, and specific, with sensitivity in the nanomolar concentration range. This method is similar to PCR-based methods in terms of selectivity and specificity. However, given the time-consuming and laborintensive nature of PCR-based methods, this SP-based method is better due to its simplicity and rapidity. Although this SP method as presented here lacks the high throughput attainable with microarray methods, microarray and northern blotting methods suffer from low sensitivity and may be cumbersome, 6, 8, 11, 15 thereby making this new method a better alternative for miR-21 detection. Electrochemical and colorimetric detections present lower detection limits than the homogeneous assay method presented in this work; 16, 17 however, this new detection method is less complicated and faster. This SP method gives nanomolar sensitivity, which is consistent with that of SERS-based method. 18 But in addition, the SP-based method is simpler and less cumbersome. Bioluminescence-based method presents a low LOD that may be unrivalled by the SP-based method; however, the latter method is less involved and faster. The new SP-based method may not rival the detection sensitivity of nucleic acids amplification methods, which ranges from picomolar to attomolar levels. 11, 15, 21, 22 However, these amplification methods consist of multiple complicated steps, which may make them less attractive compared to this SP-based method that is simpler and faster. It should be mentioned that several amplification methods are also based on hairpin probes that are similar in structure to SP and MB, 14, 15, 21 and so the extra sensitivity provided by such amplification methods comes from the amplification steps. Overall, this new SP-based homogeneous assay is simple, less cumbersome, and fast, and it presents excellent specificity for the target miR-21 sequence. The method also shows reasonably good sensitivity. The detection sensitivity reported here may be further improved by combining the assay method with nucleic acid amplification. 11, 14, 15, 20, 21 Thus, the simple, mix-and-read homogeneous assay being presented here may constitute a valuable diagnostic tool.
Conclusion
A sensitive SP has been developed for the detection of miR-21. The loop sequence of the SP is perfectly complementary to miR-21 sequence and the stem hybrid consists of eight bases, five of which are G-C bases, ensuring a high T m for the SP. The thermal transition profiles of the SP and its target duplexes suggest that it has good performance characteristics and possesses excellent sequence specificity. The SP shows excellent specificity for the miR-21 target and it can discriminate between a perfect miR-21 target and single-base mismatch target sequences. It was also found that detection of miR-21 target with the new SP can be completed in about 40 min if the two components were incubated at 37 C. While the SP is capable of singlebase mismatch discrimination at room temperature and at 37 C, the best discrimination was achieved at 52 C.
This measurement protocol is faster, simpler, and less cumbersome compared to other methods reported for miR-21 detection. Thus, the homogeneous assay developed with the new SP is a simple, fast, mix-and-read assay that is very specific for miR-21. Therefore, the new SP can be a valuable tool for simple and fast in vitro detection of miR-21, and with sufficient refinement, can be adapted for in vivo detection of this target. The assay reported here gives a LOD of 14.0 nM, a LOQ of 46.7 nM, and a sensitivity of 13.0 Â 10 11 c.p.s. M -1 . While these values are consistent with literature values for MB-and SP-based assays, they are fairly modest compared to other methods. However, the SP-based homogeneous assay presented here is simpler and faster, and it can be combined with amplification methods such as quadratic isothermal amplification to improve the sensitivity. Therefore, future work in this research direction will involve further improvement of the sensitivity of the assay.
